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Reversible Inhibition of CREB/ATF Transcription
Factors in Region CA1 of the Dorsal Hippocampus
Disrupts Hippocampus-Dependent Spatial Memory
in synaptic plasticity or learning in Aplysia, Drosophila,
and multiple regions of the mammalian brain (reviewed
in Kandel and Pittenger, 1999).
In Aplysia and Drosophila, the transcription factor
CREB is an important regulator of the genes induced
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The role of CREB in mammals, and especially in hippo-
campus-based declarative memory, is less clear, in partCREB is critical for long-lasting synaptic and behav-
because of the mammalian brain’s anatomical complex-ioral plasticity in invertebrates. Its role in the mamma-
ity. The hippocampus is divided in transverse sectionlian hippocampus is less clear. We have interfered with
into three prominent regions: the dentate gyrus; the CA3CREB family transcription factors in region CA1 of the
cell field; and the CA1 cell field (Anderson et al., 1971).dorsal hippocampus. This impairs learning in the Mor-
The hippocampus is also specialized along its longitudi-ris water maze, which specifically requires the dorsal
nal axis: lesions of the dorsal and ventral hippocampushippocampus, but not context conditioning, which does
affect learning differently. The dorsal hippocampus isnot. The deficit is specific to long-term memory, as
critical in spatial learning: dorsal lesions disrupt spatialshown in an object recognition task. Several forms of
learning in the Morris water maze learning task, whereaslate-phase LTP are normal, but forskolin-induced and
ventral lesions typically spare it (Moser and Moser,dopamine-regulated potentiation are disrupted. These
1998). The specific function of the ventral hippocampusexperiments represent the first targeting of the dorsal
has been difficult to elucidate, though recent studieshippocampus in genetically modified mice and confirm
suggest that it may have a discrete role in context condi-a role for CREB in hippocampus-dependent learning.
tioning (Maren et al., 1997; Richmond et al., 1999). SinceNevertheless, they suggest that some experimental
dorsal lesions selectively disrupt spatial memory, weforms of plasticity bypass the requirement for CREB.
have focused on the CA1 region of the dorsal hippocam-
pus and specifically on CREB in this region.Introduction
The mammalian genome contains three CREB-related
genes—CREB, CREM, and ATF-1—each of which is ex-Synaptic plasticity is thought to mediate memory stor-
tensively alternately spliced. This complexity leads to aage in vertebrates and invertebrates (Martin et al., 2000).
large number of potential transcription-regulating com-Memory storage and synaptic plasticity have an early
plexes (Herdegen and Leah, 1998). An early study withphase, which begins immediately, and a late phase,
CREB hypomorphic mice strongly suggested a role inwhich develops more slowly but is more robust and
learning in mice (Bourtchouladze et al., 1994; Kogan etrequires new mRNA and protein synthesis. Studies in
al., 2000). However, interpretation of these mice hasAplysia have related the temporal phases of synaptic
proven complicated. First, only some CREB isoformsplasticity to the phases of memory and have provided
are knocked out in these mice. Both undisrupted CREBmolecular insight into their mechanisms (Bailey et al.,
isoforms and CREM are upregulated in compensation1996). In mammals, synaptic plasticity has been most
(Hummler et al., 1994; Blendy et al., 1996). Second, theextensively explored in the hippocampus, where activ-
mutation is present throughout development and in allity-dependent long-term potentiation, or LTP, can be
tissues, complicating the interpretation of behavioralelicited at all of the major synaptic pathways (Huang et
phenotypes. Finally, several groups have reported diffi-al., 1996). The late phase of LTP appears mechanistically
culty replicating aspects of the phenotype (Gass et al.,conserved between different brain regions. In particular,
1998; D. Balschun et al., 2000, Soc. Neurosci., abstract;cyclic AMP (cAMP), the cAMP-dependent protein kinase
our unpublished data). Likewise, several independentPKA, and the MAP kinase (MAPK) cascade are involved
genetically modified mice in which CREB function is
disrupted have shown no phenotype in learning or syn-4 Correspondence: erk5@columbia.edu
aptic plasticity (Gass et al., 1998; Rammes et al., 2000;5 Present address: Helicon Therapeutics, Farmingdale, New York
11735. D. Balschun et al., 2000, Soc. Neurosci., abstract; T.
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Abel, D. Winder, M. Barad, C.P., and E.R.K., unpublished tain forms of long-lasting synaptic plasticity, but suggest
data). that that these factors act as components of a more
The conflicting published data on a role for CREB complex transcription regulating machinery.
in hippocampus-dependent learning may derive from
three complications inherent in the study of mammalian Results
CREB. First, many studies have been complicated by
compensation by CREM (and perhaps by ATF-1); in con- Generation and Initial Characterization
trast, studies Aplysia and Drosophila have targeted the of KCREB-Expressing Transgenic Mice
unique CREB gene and therefore the entire CREB tran- Several dominant-negative mutants of CREB exist. Half-
scriptional unit. Second, most studies have involved lit- phosphorylated CREB dimers can activate transcription
tle or no spatial restriction, complicating the interpreta- (Loriaux et al., 1993), implying that mutants that bind
tion of observed behavioral abnormalities. Finally, most DNA without activating transcription are not strong dom-
CREB perturbations have lacked temporal regulation, inant negatives. We therefore chose to use KCREB, a
raising questions of indirect and developmental effects mutant that heterodimerizes with wild-type CREB,
of CREB manipulations. We address these difficulties CREM, and ATF1 and prevents DNA binding (Walton et
in this study. al., 1992; Jean et al., 1998). KCREB contains a point
To perturb both CREB and the related genes CREM mutation in human CREB at Lys304, which mediates an
and ATF1, we have generated transgenic mice express- interaction with Mg2 that is critical for high-affinity DNA
ing KCREB, a mutant of human CREB that is a potent binding (Craig et al., 2000); KCREB heterodimers with
dominant-negative inhibitor and inhibits all three CREB unmutated CREB/ATF therefore have a greatly reduced
family transcription factors (Walton et al., 1992; Jean et affinity for the CRE site. KCREB has been shown to be
al., 1998). We have spatially restricted KCREB expres- a potent repressor of CREB-mediated transcriptional
sion by using the forebrain-specific CaMKII promoter. activation in a number of cell types (Walton et al., 1992;
Finally, we have used the tetracycline-regulated tTA Reusch et al., 2000; Zha et al., 2001).
transactivator to provide temporal regulation (Mayford We cloned the KCREB cDNA into plasmid MM400,
et al., 1996). We generated a set of transgenic lines and which contains the tetO tetracycline-regulatable en-
found one line that expresses KCREB in a novel pattern, hancer element. Eleven founder lines were generated
with expression in the hippocampus restricted to CA1 by pronuclear injection and crossed with mice express-
region of the dorsal half (dCA1-KCREB mice). The ing the tetracycline-regulatable hybrid transcription fac-
CREB-regulated proenkephalin gene is downregulated tor tTA under the control of the forebrain-specific CaM-
in these mice, confirming the function of the dominant- KII promoter (Mayford et al., 1996, line B). All mice
negative transgene in vivo. were genotyped by Southern blot with separate probes
We find that animals of this transgenic line are im- for the tetO element and tTA. KCREB expression was
paired in the Morris water maze but are intact in contex- examined in bitransgenic progeny by oligonucleotide in
tual conditioning, the same pattern of deficits seen after situ hybridization using an oligonucleotide specific to
lesions of the dorsal hippocampus in rats (Moser and the KCREB transgene. Two lines (termed dCA1-KCREB
Moser, 1998; Richmond et al., 1999). In an object recog- and str-KCREB, as further described below) were se-
nition task, which allows dissociation of the temporal lected for further characterization (Figure 1). dCA1-
phases of memory, dCA1-KCREB transgenic mice show KCREB mice showed expression in the CA1 region of
normal learning and short-term memory but deficient the hippocampus as well as in striatum and pyriform
long-term memory. All of these behavioral phenotypes
cortex. str-KCREB mice showed similar expression in
are readily reversible when transgene expression was
striatum and pyriform cortex but with no detectable ex-
switched off using doxycycline. Together, these behav-
pression in the hippocampus. We therefore used this str-ioral results indicate that the CREB family of transcrip-
KCREB line as a control for extrahippocampal transgenetion factors is required in the dorsal hippocampus in the
expression in behavioral experiments.adult for long-term but not short-term memory, espe-
cially memory for space.
KCREB Expression in dCA1-KCREB Mice ShowsSurprisingly, we find that several forms of electrically
a Dorsal-Ventral Expression Gradientinduced Schaffer collateral L-LTP are intact in the dorsal
within Area CA1hippocampus of dCA1-KCREB transgenic animals.
CREB immunoreactivity was greatly elevated in cells ofHowever, when we induce potentiation pharmacologi-
CA1 and of the striatum of dCA1-KCREB mice. Thiscally using forskolin or by pairing a dopamine D1 agonist
parallels the KCREB transgene expression patternwith one-train stimulation, we find reduced potentiation
found by in situ hybridization. Some scattered KCREB-in the transgenic mice. The preservation of some forms
expressing cells were also seen in the basal (but notof L-LTP suggests that LTP as induced electrically in
the lateral) subnucleus of the amygdala and in portionsacute slice do not always reflect the exact signal trans-
of neocortex, but not in CA3, dentate gyrus, thalamus,duction pathways recruited by learning in the intact ani-
or brainstem (Figure 2A and data not shown). Westernmal. Other pathways, possibly parallel to the cAMP path-
blotting also showed dramatic elevation of CREB in dis-way and involving other families of transcription factors,
sected striata of transgenic mice of both KCREB trans-contribute to LTP as assayed in slice and may mask a
genic lines (Figure 2B), confirming the results of in situdisruption of CREB, CREM, and ATF1. In sum, our re-
hybridization (Figure 1), with similar levels of transgenesults demonstrate that the CREB family of transcription
expression in the two lines. Doxycycline (40 mg/kg infactors in the hippocampus, and in particular in dorsal
CA1, is critically involved in spatial learning and in cer- food) reduced transgene expression such that, after 7
CREB in Dorsal Hippocampal CA1 in Spatial Learning
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Figure 1. Expression of a KCREB Transgene in Two Lines of Transgenic Mice
(A) Oligonucleotide in situ hybridization to the KCREB transgene in dCA1-KCREB mice shows expression in CA1, striatum, and pyriform
cortex.
(B) str-KCREB mice show expression in striatum, olfactory tubercle, and pyriform cortex, with no detectable expression in hippocampus.
(C) Oligo hybridization to a wild-type mouse confirms specificity of the probe for the transgene.
(D) All sections were Nissl stained after developing in situ hybridization to confirm the integrity of important structures; this section corresponds
to (A).
days of doxycycline, CREB immunoreactivity in dCA1- CREB-Regulated Transcription Is Specifically
Disrupted in KCREB Transgenic MiceKCREB striata was indistinguishable from controls (Fig-
ure 2B). Transgene expression was also be completely Does the KCREB transgene actually disrupt CREB fam-
ily-mediated transcription in vivo in these mice? To ad-repressed after 7 days of doxycycline treatment in mi-
crodissected dorsal CA1 from dCA1-KCREB mice (Fig- dress this issue, we examined expression of the neuro-
peptide gene proenkephalin by in situ hybridization inure 2C).
Anterior coronal sections of the rodent brain intersect transgenic mice. Enkephalin has been shown to be spe-
cifically CREB-regulated in striatal primary culture (Kon-the dorsal hippocampus, while more posterior sections
intersect the ventral hippocampus obliquely (Figure 3A). radi et al., 1995), and CREB binds to the proenkephalin
promoter in vivo (Konradi et al., 1993). In striata of str-Careful examination of a series of coronal brain sections
from dCA1-KCREB mice showed a striking dorsal-ven- KCREB mice, enkephalin mRNA was reduced (Figure
4A; n  6 str-KCREB, 6 controls; p  0.005). The sametral gradient of transgene expression in the hippocam-
pus, with high levels of transgene expression in cells of downregulation was seen in striata of dCA1-KCREB
transgenic mice (Figure 4B; n  6 dCA1-KCREB, 6 con-CA1 of the dorsal hippocampus (Figure 3B) but very few
cells of the ventral hippocampus (Figure 3C). Western trols; p  0.025). In contrast, substance P mRNA, which
is not regulated by CREB, was not reduced in trans-blotting using protein extracted from CA1 cells microdis-
sected from slices of dorsal and ventral hippocampus genics (n  6, 6; p  0.45; Figure 4C).
The downregulation of enkephalin mRNA confirms(Figure 3D) confirmed this effect.
Because the dorsal-ventral gradient demonstrated in that the KCREB transgene is disrupting transcriptional
regulation by CREB family transcription factors in theseFigure 3 (panels B and C) is novel and interesting, we
repeated and quantified the immunohistochemical anal- transgenic mice. Importantly, the preservation of sub-
stance P expression shows that this effect is specific—ysis. In sections chosen to match those shown in Figure
3A (bregma1.22, 1.84,2.8, and3.4, respectively; there is not a general disruption of transcriptional regula-
tion in these mice due to some nonspecific or toxicFranklin and Paxinos, 1997), we consistently observed
this dorsal-ventral gradient (Figure 3E; n  5 repetitions effect, but rather a specific suppression of a gene known
to be CREB regulated. With this assurance that theon different pairs of mice). We quantitated this effect by
counting CA1 nuclei exhibiting levels of CREB immuno- transgene is functioning in vivo as we predicted from
previous in vitro data, we went on to further characterizereactivity above wild-type as a percentage of all visible
nuclei (visualized with a fluorescent anti-DNA stain; pur- these mice.
ple in Figure 3E). More nuclei with elevated levels of
CREB immunoreactivity were consistently found in dor- dCA1-KCREB Bitransgenic Mice Show No
sal (A and B) as compared to ventral (C and D) CA1 Abnormalities in Brain Structure or Synaptic Markers
slices (ANOVA main effect of position, p  0.01; Dun- We examined dCA1-KCREB mice for abnormalities in
brain structure. We found no abnormalities in hippocam-can’s posthoc A and B different from C and D, p 0.02).
Neuron
450
muscle tone, hearing, or other parameters (Table 1; n 
10 dCA1-KCREB females, 8 dCA1-KCREB males, 10
control females, 7 control males). No differences were
found when the data were split by sex (data not shown).
dCA1-KCREB mice were indistinguishable from controls
in home-cage levels of activity and circadian activity
variations (data not shown).
We next examined dCA1-KCREB animals in an open
field. Male dCA1-KCREB mice had a trend toward in-
creased exploratory activity, as assayed by lateral mo-
tion (Figure 6A) or rearing (not shown). No increased
activity was observed in female mice (Figure 6B). There
were no differences between bitransgenics and sibling
controls in center occupancy time or entrances, two
measures of anxiety (not shown). The trend toward hy-
perlocomotion in the males failed to reach significance
(ANOVA main effect of genotype p  0.096 exploratory
activity; p  0.126 rearing) but raised concerns about
the performance of the animals in learning tasks.
dCA1-KCREB animals express the transgene in the
striatum as well as in the hippocampus, and various
manipulations of the striatum, including the effects of
drugs such as cocaine and amphetamine, can lead to
elevated exploratory activity. To determine whether
KCREB in the striatum generates the observed hyperac-
tivity in males, we examined str-KCREB mice (see Fig-
ures 1 and 2B). In str-KCREB mice, as in dCA1-KCREB
mice, we found elevated exploratory activity in the males
(Figure 6C, main effect of genotype p  0.02), but not
in the females (Figure 6D). We therefore believe we can
ascribe this phenotype to expression of the KCREB
transgene in the striatum, not in the hippocampus. In
any case, as described below, we were able to rule out
the any contribution of this hyperlocomotion to ob-
Figure 2. Immunohistochemical Analysis of CREB Immunoreactiv- served learning phenotypes through a series of control
ity in KCREB Transgenic Mice
experiments.
(A) Immunostaining of a dCA1-KCREB bitransgenic (left) and control
(right) brain shows increased CREB immunoreactivity in the trans-
dCA1-KCREB Mice Show a Deficit in Spatialgenic brain, paralleling the expression pattern shown in Figure 1.
(B) Western blotting for CREB in dissected striata. str-KCREB and Learning in the Morris Water Maze
dCA1-KCREB transgenic mice show comparably elevated levels of To assess the role of CREB and related transcription
CREB immunoreactivity in striatum, with reproducibly slightly more factors in dorsal CA1 in hippocampus-dependent learn-
in str-KCREB (three repetitions). Treatment with doxycycline (40 mg/
ing, we trained dCA1-KCREB animals in the Morris waterkg food) turned off transgene expression over a period of 7 days to
maze. Bitransgenic animals were normal on the cuedlevels of CREB immunoreactivity indistinguishable from wild-type.
platform control task, which has similar performance(C) Transgene expression and reversal in hippocampus were con-
firmed in extracts from CA1 microdissected from slices of dorsal requirements to the hidden platform task but does not
hippocampus. require the hippocampus (Figure 7A). We trained ani-
mals in the spatial, hidden platform Morris maze using
a difficult, two-trials per day training protocol (1 hr in-
pal morphology using the Nissl stain (Figure 1D and tertrial interval) for 12 days. Escape latency over the
data not shown). We next examined various neuronal course of training fell slowly because of the difficulty
markers. We found no differences between dCA1- of the training protocol (Figure 7B). Bitransgenics and
KCREB and control mice in the distribution of synapto- sibling controls showed no difference in latency early
physin, which highlights synapses of the Schaffer collat- in training, but the two groups began to drift apart late
eral pathway from area CA3 to CA1 (Figure 5A, arrow- in training (main effect of genotype across all trials p 
head), or in GAP43, which highlights the perforant path 0.04; Duncan’s posthoc test not significant for early trials
from entorhinal cortex to CA1 (Figure 5B, arrowhead). but p  0.02 for day 12). The normal performance on
the visible platform task and the similar latencies early
in training on the hidden platform task demonstrate thatBasal Behavioral Evaluation of KCREB
Transgenic Mice the dCA1-KCREB mice have no deficit in swimming abil-
ity, motivation, or other performance parameters. How-We subjected dCA1-KREB mice to a battery of basal
neurological tests (Irwin, 1968; Crawley, 2000). We found ever, the latency deficit in dCA1-KCREB animals late in
training suggested a problem with spatial learning.no differences between bitransgenic mice and sibling
controls in basic reflexes, strength, anxiety level, basal We performed a probe trial, which is much more sensi-
CREB in Dorsal Hippocampal CA1 in Spatial Learning
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Figure 3. Dorsal-Ventral Gradient of KCREB
Expression within CA1 of dCA1-KCREB
Transgenic Mice
(A) The mouse hippocampus is elongated and
curved, such that anterior coronal sections
intersect the dorsal hippocampus trans-
versely, while more posterior sections inter-
sect the ventral hippocampus obliquely.
(B) Cells in area CA1 of the dorsal hippocam-
pus of dCA1-KCREB mice show transgene
expression.
(C) In contrast, little transgenic expression is
seen in ventral hippocampus.
(D) Differential dorsal-ventral expression con-
firmed by Western blot.
(E) To quantify this effect, CREB immunore-
activity was examined by immunofluores-
cence at defined anterior-posterior locations
(n  5 dCA1-KCREB mice, 5 controls). Cells
expressing significant levels of the KCREB
transgene were quantified (see Experimental
Procedures). Significantly more CA1 cells in
dorsal hippocampus express KCREB than in
ventral hippocampus (p  0.02).
tive and specific to deficits in spatial memory, on day much more broadly in the pool during the 60 s probe
trial.7 of training and on day 13, after the completion 12 days
No differences between dCA1-KCREB mice and con-of training. Neither dCA1-KCREB nor control animals
trols were observed in swim speed, percent of timeshowed consistent learning in the day 7 probe trial (not
spent floating, or thigmotaxis (data not shown). The spa-shown). In the final probe trial, control animals showed
tial learning deficit was observed in both sexes (males,good spatial memory but dCA1-KCREB bitransgenic did
n  12 bitransgenic, 13 controls, quadrant occupancynot, as shown by a reduced preference for the training
p 0.05; proximity p 0.02; females, n 6 bitransgen-quadrant relative to the other quadrants (Figure 7C;
ics, 11 controls, quadrant occupancy and proximity pthree independent experiments; n 18 bitransgenic, 24
0.04), and there was no main effect of sex in an ANOVAcontrols; p  0.01), increased average proximity to the
analysis of any of the measured variables. This demon-training location of the platform during search (Figure
strates the Morris water maze deficit is independent of7D; p  0.004), and reduced number of crossings of the
mild hyperactivity observed in transgenic males.training location relative to the corresponding locations
in the other quadrants (not shown; p  0.01). Control
animals showed significant preference for the goal loca- The Morris Water Maze Deficit Is Due to Acute
tion (p  0.0005 for all comparisons for occupancy; p  Suppression of CREB Function in Dorsal CA1
0.01 for other measures), but bitransgenic animals did str-KCREB animals showed no deficit in spatial learning
not (p  0.4 for all comparisons, all three measures). in the Morris water maze in an identical experiment. In
Occupancy plots, showing the animals’ location during the probe trial, both str-KCREB mice and sibling controls
search throughout the probe trial (Figure 7E), show con- showed a significant preference for the training location
trol mice searching tightly in the vicinity of the platform as compared to the corresponding location in other
quadrants, shown by quadrant occupancy (Figure 8A;location (asterisk), whereas dCA1-KCREB mice search
Neuron
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Figure 4. Proenkephalin, a CREB-Regulated
Gene, Is Specifically Downregulated in Striata
of Transgenic Mice
(A) Proenkephalin mRNA, which is regulated
by CREB, is reduced in striata of str-KCREB
mice. Representative oligonucleotide in situ
film images are shown. When repeated and
quantified, this difference between geno-
types was consistent and statistically signifi-
cant (n  6 transgenic and 6 control mice run
in parallel in a single experiment; p  0.005).
(B) Enkephalin was likewise reduced in striata
of dCA1-KCREB mice (n  6 transgenic, 6
control; p  0.025).
Panels in (A) and (B) are from different experi-
ments, so gray value comparisons between
them are not meaningful.
(C) Substance P, a neuropeptide that is not
regulated by CREB, is unaltered in the striata
of dCA1-KCREB mice (n  6 transgenic, 6
control; p  0.45).
n  7 bitransgenic, 8 control; p  0.05 goal quadrant in any probe trial measure (p  0.4 for all comparisons,
all measures).versus other quadrants for both genotypes) and proxim-
ity (Figure 8B; p  0.05). There were no differences
between str-KCREB mice and controls in quadrant pref- dCA1-KCREB Transgenic Mice Show No Deficit
in Contextual Conditioningerence (p  0.9), training location proximity (p  0.7),
or training location passthroughs (p  0.8). Occupancy Contextual fear conditioning is another behavioral task
that has been shown to require the hippocampus (Phil-plots (Figure 8C) show both bitransgenic and control
animals searching predominantly in the training location.
This normal performance of str-KCREB animals on the
Morris water maze rules out the possibility that the defi-
cit of dCA1-KCREB animals, shown in Figure 7, derives
from transgene expression in striatum or pyriform cor-
tex. Together, these Morris water maze experiments
support a role for CREB family transcription factors in
CA1 of the dorsal hippocampus in spatial learning.
A concern with any transgenic animal is that indirect
or developmental effects or integration into genomic
DNA may contribute to observed phenotypes. To control
for this, we treated dCA1-KCREB animals with doxycy-
cline (40 mg/kg in food) for 2 weeks before the beginning
of an identical Morris maze experiment. This treatment
eliminates transgene expression (Figures 2B and 2C).
Switching off transgene expression in dCA1-KCREB ani-
mals with this treatment eliminates the Morris water
maze phenotype (Figure 9). Whereas dCA1-KCREB ani-
mals showed no quadrant preference in the final probe
trial and control animals did (data replotted from Figure Figure 5. KCREB Transgenic Mice Are Anatomically Normal
5), both bitransgenic and control animals treated with (A) Synaptophysin immunoreactivity in dCA1-KCREB (left) and con-
trol mice. Synaptophysin preferentially labels stratum radiatum ofdoxycycline learned the task well (n  5 dCA1-KCREB,
CA1 (arrow), the zone in which the Schaffer collateral projection5 control; main effect of quadrant p  0.007; no main
from CA3 synapses.effect of genotype; Duncan’s post-hoc test p  0.05 for
(B) GAP43 immunoreactivity in dCA1-KCREB (left) and control mice.both occupancy and proximity in the goal quadrant vs.
GAP43 preferentially stains the perforant path projection from ento-
all other quadrants for both genotypes). There was no rhinal cortex into stratum lacunosum-moleculare of CA1 (arrow).
significant difference between wild-types, wild-types on These two markers confirm that the anatomy and projections in CA1
are grossly normal.doxycycline, or dCA1-KCREB animals on doxycycline
CREB in Dorsal Hippocampal CA1 in Spatial Learning
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Table 1. dCA1-KCREB Mice Are Normal in a Basic Neurological Battery
Variable dCA1-KCREB SEM Ctrl SEM P Value
Weight (g) 18.06 0.64 18.66 0.58 0.490
Body position 4.28 0.14 4.37 0.16 0.666
Locomotion 3.50 0.19 3.16 0.28 0.319
Respiratory rate 6.67 0.28 7.00 0.23 0.363
Arousal 3.78 0.09 3.83 0.13 0.727
Spatial exploration 3.53 0.31 3.50 0.35 0.950
Piloerection 1.94 0.22 1.84 0.21 0.737
Startle response 2.28 0.24 2.53 0.31 0.533
Pelvic elevation 3.22 0.19 3.63 0.14 0.087
Tail elevation 2.44 0.16 2.08 0.15 0.025
Visual reach 5.89 0.24 5.68 0.27 0.362
Grip strength 5.78 0.18 5.39 0.17 0.286
Body tone 5.11 0.37 5.11 0.24 0.981
Pinna reflex 3.22 0.32 3.89 0.25 0.130
Cornea reflex 4.03 0.42 3.61 0.31 0.486
Struggle 3.83 0.33 4.58 0.23 0.069
Wire grip 1.18 0.40 1.32 0.51 0.835
Hang time (s) 53.65 3.68 48.33 4.90 0.397
Smooth incline 3.33 0.21 3.42 0.33 0.202
Skin color 4.28 0.14 4.18 0.16 0.658
Limb tone 3.11 0.24 3.53 0.19 0.189
Abdominal tone 4.94 0.13 5.00 0.19 0.810
Pupil size 1.78 0.08 2.13 0.16 0.058
Provoked biting 1.94 0.47 2.74 0.45 0.234
Tail pinch response 3.31 0.21 3.53 0.39 0.624
Biting tendency 0.53 0.16 0.97 0.19 0.085
Provoked freezing 0.42 0.12 0.63 0.13 0.219
Vocalizations 0.78 0.26 0.95 0.27 0.656
Urination/defecation 3.67 0.40 2.95 0.35 0.179
Transgenic and control mice were subjected to a battery of 27 basic neurological tests (Irwin, 1968; Crawley, 2000). Except where indicated,
all tests were scored on a scale from 0 to 8 by an observer blind to genotype. Because of the multiple independent tests reported, a significance
threshold of p  0.01 was used for this analysis. No significant differences were found between genotypes on any test. No significant
differences were found when sexes were compared individually (data not shown). n  10/10 females, 7/8 males.
lips and LeDoux, 1992). In contrast, cued (or delay) con- A number of investigators have found that cytotoxic
lesions restricted to the dorsal hippocampus produceditioning requires the amygdala but not the hippocam-
pus (though CREB in the lateral subnucleus of the retrograde amnesia but little if any anterograde amnesia
for context conditioning, indicating that the dorsal hip-amygdala has been implicated in cued conditioning;
Josselyn et al., 2001; Kida et al., 2002). We see expres- pocampus is not essential for learning this task (Maren et
al., 1997; Frankland et al., 1998). While there are severalsion of KCREB in the dCA1-KCREB mice in the basal
amygdala, but not in the lateral amygdala (see Figure 2). possible explanations for this phenomenon, one sug-
Figure 6. Open Field Analysis in KCREB
Transgenic Mice
(A) Male dCA1-KCREB mice show modest hy-
peractivity in the open field (p  0.09 main
effect of genotype).
(B) Female dCA1-KCREB mice show no ab-
normalities in open field behavior.
(C) Male str-KCREB bitransgenic mice also
show marked hyperactivity in the open field
(p  0.02 main effect of genotype). This indi-
cates that hyperactivity in dCA1-KCREB mice
derives from striatal, not hippocampal,
KCREB expression.
(D) Female str-KCREB mice show normal
open field behavior.
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Figure 7. Morris Water Maze Analysis of
dCA1-KCREB Mice
(A) dCA1-KCREB mice showed normal acqui-
sition of the cued-platform control task, indi-
cating normal vision, swimming ability, and
motivation.
(B) dCA1-KCREB mice were trained on the
hidden platform Morris task with a difficult
training protocol (2 trials/day, 1 hr ITI) for 12
days; probe trials were performed on day 7
(before training) and day 13. No difference in
escape latency was apparent early in training,
but a slight difference emerged by the end of
training.
(C) Control mice, but not dCA1-KCREB trans-
genic mice, show spatial preference on the
final probe trial, as measured by quadrant
occupancy.
(D) This effect is also apparent in a goal prox-
imity measure (Gallagher et al., 1993).
(E) Occupancy plots of control (right) and
dCA1-KCREB mice show controls searching
in a focused area around the trained platform
location (asterisk), whereas transgenics’
search is more broadly distributed. See text
for statistical comparisons.
gestion is that the ventral hippocampus is more impor- conditioning while sparing Morris water maze perfor-
mance (Richmond et al., 1999). These data suggest thattant for acquisition of contextual fear. Specific lesions
of the ventral hippocampus can impair contextual fear our transgenic animals might be normal in contextual
Figure 8. dCA1-KCREB Spatial Learning
Phenotype Is Not Explained by KCREB Ex-
pression in Striatum or Pyriform Cortex
(A) str-KCREB transgenic mice showed nor-
mal acquisition of the Morris water maze task
(not shown) and normal spatial learning in
the final probe trial, as shown by quadrant
occupancy time.
(B) The same effect was apparent in the prox-
imity measure.
(C) str-KCREB mice final probe occupancy
plots show clear spatial bias to the search of
both bitransgenic mice (left) and controls.
See text for statistical comparisons.
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Figure 10. Fear Conditioning and Object Recognition in dCA1-
KCREB Transgenic Animals
(A) Bitransgenic and control mice showed equivalent freezing imme-
diately after fear conditioning and in tests of contextual and cued
conditioning 24 hr later.
(B) dCA1-KCREB bitransgenic and control animals showed equiva-
lent discrimination between a novel and a familiar object 1 hr after
familiarization, indicating normal sensory processing, learning, and
early memory in the bitransgenics. Object discrimination measure
measures exploratory bias toward the novel object; a score of 50
indicates no bias. No significant differences were found betweenFigure 9. The dCA1-KCREB Spatial Learning Phenotype Is Revers-
transgenics and controls.ible when the Transgene Is Turned Off in the Adult
(C) 24 hr after training, control mice continued to show a strong(A) The spatial learning deficit of the dCA1-KCREB mice was re-
preference for the novel object, but bitransgenic mice showed signif-versed when the transgene was turned off with doxycycline in food
icantly reduced preference (p  0.01).prior to training. Spatial quadrant bias is indistinguishable in con-
(D) Suppression of transgene expression by treatment with doxycy-trols, controls on doxycycline, and bitransgenics on doxycycline,
cline in food (see Figure 2B) eliminated the deficit in object recogni-but is absent in bitransgenic mice without doxycycline.
tion in dCA1-KCREB mice at 24 hr.(B) Reversal of the spatial learning deficit by the proximity measure.
conditioning, despite their deficit in the Morris water
phase memory (Bourtchouladze et al., 1994; Abel et al.,maze.
1997; Jones et al., 2001). However, as documentedAs shown in Figure 10A, there was no deficit in imme-
above, dCA1-KCREB mice have no phenotype in feardiate freezing to a shock or in contextual or cued fear
conditioning. We therefore characterized dCA1-KCREBconditioning in dCA1-KCREB transgenic animals 24 hr
mice in an object recognition task. Several geneticallyafter training (0.4 mA shock; n  11 bitransgenic, 11
modified mice with perturbations of the hippocampuscontrol; immediate freezing p  0.3; context, p  0.55;
and deficits in the Morris water maze also have a deficitcued, p  0.45). To see whether more robust training
in 24 hr object recognition (Mansuy et al., 1998; Joneswould reveal a subtle phenotype, we also trained the
et al., 2001).animals with a stronger, 0.7 mA shock; again, there was
As shown in Figure 10, dCA1-CREB transgenic ani-no significant difference between bitransgenics and
mals showed normal discrimination between a novelcontrols in immediate freezing (n  8 bitransgenics, 8
and a familiar object 1 hr after familiarization, indicatingcontrols; p  0.5), contextual conditioning (p  0.3), or
intact sensory processing, learning, and early memorycued conditioning (p  0.25) at 24 hr (data not shown).
(Figure 10B; n  11 bitransgenic, 12 control; p  0.8).These data indicate that CREB and/or CREB-related
However, 24 hr after training, the transgenics showedtranscription factors in dorsal CA1 are critical for spatial
significantly poorer discrimination than littermate con-learning in the water maze but not for contextual condi-
trols (Figure 10C; p  0.01). When dCA1-KCREB trans-tioning, supporting a functional dissociation between
genic mice and controls were treated with doxycyclinedorsal and ventral hippocampus.
(dox) as before, both groups showed good memory at
24 hr (Figure 10D; n  6 dCA1-KCREB/dox, 5 control/dCA1-KCREB Transgenic Mice Show Normal
dox; p 0.3), confirming that the deficit in dCA1-KCREBObject Recognition Learning but Impaired
transgenic mice is a direct consequence of transgeneMemory 24 Hr after Training
expression. These data are consistent with a role forFear conditioning has been used in other transgenic
mice to dissociate learning and early memory from late- dorsal CA1 cells in nonspatial object recognition and
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show that the deficit in these mice is in memory consoli- trol 114%  8%; 180 min after drug application dCA1-
KCREB 107%  7%, control 123%  8%; n  6 tg, 6dation, not in learning.
ctrl).
It has become clear that elevations of cAMP inducedOnly Some Forms of Long-Lasting Synaptic
by modulatory transmistters can interact with activity-Potentiation Are Disrupted in the Dorsal
induced calcium influx (and activity-induced cAMP eleva-Hippocampus of dCA1-KCREB Transgenic Mice
tions) to synergistically promote late-phase potentiationA large literature seeks to correlate hippocampus-
(Bailey et al., 2000). We therefore induced long-lastingdependent learning with activity-dependent synaptic
potentiation by pairing a single tetanus (which by itselfplasticity at the various synapses of the hippocampus,
produces only E-LTP; see Figure 10A) with the dopamineespecially at the Schaffer collateral synapse between
agonist chlo-APB (Huang and Kandel, 1995). Chlo-APBthe CA3 and CA1 cell fields (Martin et al., 2000). In partic-
by itself produced no potentiation in wild-type slices onular, Bourtchouladze et al. (1994) reported a deficit in
this genetic background (data not shown). However,LTP at this synapse in the CREB / hypomorph mice.
when paired with one 100 Hz tetanus, it produced robustHowever, we and others have not been able to replicate
long-lasting potentiation. This potentiation was mark-this finding, suggesting that the LTP phenotype in these
edly reduced in slices from dorsal hippocampus ofanimals may be sensitively modifiable by genetic back-
dCA1-KCREB animals (Figure 11G; p  0.04; 180 minground or other factors (Gass et al., 1998; D. Balschun
after tetanization, wild-type (wt) 191%  17%, tget al., 2000, Soc. Neurosci., abstract; Y.Y.H. and E.R.K.,
143%  14%; n  10 tg, 10 ctrl).unpublished data). LTP can be divided into early and
There was no difference between bitransgenic ani-late forms (E-LTP and L-LTP), with L-LTP being distin-
mals and controls in paired-pulse facilitation or in input-guished by a requirement for the synthesis of RNA and
output relation (Figure 11H), indicating no gross abnor-protein. A disruption of the transcriptional induction by
malities in synaptic transmission.CREB of genes required for synaptic plasticity should
disrupt L-LTP but not E-LTP. We therefore examined
L-LTP in the dCA1-KCREB mice.
DiscussionRecently, it has become apparent that there are multi-
ple forms of L-LTP; for example, theta-burst L-LTP and
By achieving a restricted expression pattern within thefour tetanus-induced L-LTP differ in their dependence
hippocampus and using a second transgenic line as aon the neurotrophin BDNF (Kang et al., 1997; Patterson
control, we examined the role of CREB family transcrip-et al., 2001). We therefore examined three different forms
tion factors in area CA1 of the dorsal hippocampus.of long-lasting synaptic potentiation in acute slices from
These results represent the first examination of the lon-the dorsal extreme of the hippocampus: L-LTP induced
gitudinal axis of the hippocampus in genetically modi-by four 100 Hz tetanic trains of stimuli; L-LTP induced
fied mice. We find that spatial memory as examined inby theta burst potentiation; and long-lasting synaptic
the Morris water maze, a task that requires the dorsalstrengthening induced by pharmacological reagents
hippocampus, is compromised in these animals, butthat elevate cAMP.
contextual fear conditioning, which requires the hippo-As shown in Figure 11, we find no deficit in E-LTP
campus but not specifically the dorsal hippocampus, isinduced by a 1 s 100 Hz tetanus (Figure 11A) or in L-LTP
intact. Our results advance our understanding of theinduced by four 100 Hz tetanic trains (Figure 11B), by
role of CREB family transcription factors in this regionsix theta bursts (Figure 11C), or by three trains of ten
in several ways.theta bursts (Figure 11D). However, long-lasting synap-
These behavioral phenotypes are reversible when wetic strengthening induced by forskolin, a drug that stimu-
turn off the transgene with doxycycline. This demon-lates adenylyl cyclase and induces long-lasting synaptic
strates that CREB/ATF in dorsal CA1 is required acutelypotentiation (Chavez-Noriega and Stevens, 1992; Huang
for certain hippocampus-dependent memories; theet al., 2000), was decreased in dCA1-KCREB animals
transgene does not produce the phenotype through anas compared to sibling controls (Figure 11E; 60 min after
indirect, developmental effect. By using a single-trialonset of drug application: dCA1-KCREB 128%  7%,
learning paradigm (object recognition), we show thatcontrol 150% 7%, p0.05; 180 min after drug applica-
learning and early memory are intact, but long-termtion: dCA1-KCREB 121%  8%, control 155%  7%,
memory is impaired at 24 hr; this implies, as would bep  0.05; n  8 tg [transgenic], 8 ctrl [control]). Further-
expected from studies in Aplysia and Drosophila as wellmore, this decrease was reversed when the transgene
as from earlier studies in mouse, that CREB/ATF is criti-was turned off with doxycycline, indicating that it derives
cal not for learning or short-term memory but ratheracutely from the inhibition of CREB (Figure 11F; 60 min
for consolidation into long-term memory. Finally, andafter drug application, tg dox 152% 7%, tg 128%
surprisingly, we show that certain forms of long-lasting7%, p  0.05; 180 min after drug application, tg  dox
synaptic plasticity at the Schaffer collateral synapse as165%  12%, tg 121%  8%, p  0.05; n  5 tg 
assayed in the slice are more sensitive to disruptiondox, 8 tg without dox). A similar reduction was seen in
of CREB/ATF-mediated transcription than others. Thispotentiation produced by the cAMP analog spCAMPs
finding may give some insight into the molecular differ-(Nguyen and Kandel, 1996), though this effect failed to
ences between qualitatively distinct forms of L-LTP andreach significance due to the low level of potentiation
into the mapping of different forms of L-LTP onto be-achieved in wild-type animals (data not shown; 60 min
after drug application dCA1-KCREB 106%  3%, con- havior.
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Figure 11. Some, but Not All, Forms of L-LTP
Are Reduced in Dorsal Hippocampal Slices
of CA1-KCREB Transgenic Mice
(A) One-train E-LTP is normal in dCA1-
KCREB transgenic mice.
(B) Four-train L-LTP is normal in dCA1-
KCREB mice.
(C) Normal potentiation induced by a weak
theta burst train (six bursts).
(D) Normal L-LTP induced by a strong theta
burst protocol (three trains of ten theta
bursts).
(E) dCA1-KCREB mice show significantly re-
duced potentiation in response to forskolin
(drug applied as indicated). Sample traces of
control and transgenic mice before and after
forskolin application are shown; scale bars
5 ms/1 mV. See text for values and analysis.
(F) This deficit was reversed when the trans-
gene was turned off with 2 weeks of doxycy-
cline in food.
(G) dCA1-KCREB mice also showed a deficit
in potentiation induced by application of the
dopamine D1 agonist chlo-APB during and
after a single 100 Hz tetanus. This suggests
that there is a deficit specifically in cAMP-
dependent long-lasting plasticity in dCA1-
KCREB animals.
(H) Paired-pulse facilitation is normal in these
animals (left panel). Input-output synaptic re-
lation is normal in bitransgenic mice, ruling
out an abnormality in basal synaptic function
(right panel).
The Hippocampus Is Functionally Differentiated tially from structures such as the amygdaloid complex
(Amaral and Witter, 1995) and may be more important foralong Its Dorsal-Ventral Axis
Historically, more attention has focused on the trans- the processing of interoreceptive sensory information,
emotion, and behavioral state. Indeed, dorsal hippo-verse axis than on the longitudinal axis of the hippocam-
pal formation. Only recently has it become clear that campal lesions have been found by many investigators
to disrupt processing of spatial information in tasks suchfunctional specialization along the longitudinal axis is
fundamental to hippocampal function. Both anatomical as the Morris water maze (e.g., Moser and Moser, 1998).
Lesions to the ventral hippocampus lead to general hy-studies and lesion experiments indicate that dorsal and
ventral hippocampus are functionally distinct. The dor- peractivity and may disrupt context conditioning (Rich-
mond et al., 1999).sal (or septal) hippocampus receives its input preferen-
tially from the lateral entorhinal cortex, which in turn Whereas complete hippocampal lesions and electro-
lytic lesions of the dorsal hippocampus impair the acqui-receives input from various sensory and associational
neocortical areas (Amaral and Witter, 1995); it has there- sition of conditioned fear (Phillips and LeDoux, 1992),
cytotoxic lesions (which spare fibers of passage) re-fore been proposed that the dorsal hippocampus may
be specifically important for the processing of extero- stricted to the dorsal hippocampus do not (Maren et
al., 1997; Frankland et al., 1998). This has led to theceptive sensory information. In contrast, the ventral hip-
pocampus receives the bulk of its input from the medial suggestion that contextual fear conditioning, as assayed
by learned freezing in the training context, may dependentorhinal cortex, which in turn receives input preferen-
Neuron
458
on the ventral hippocampus, and the effect of electro- correlative evidence for a role for CREB in the hippocam-
pus is strong. CREB is phosphorylated after LTP (Deis-lytic lesions to the dorsal hippocampus may derive from
damage to fibers of passage. Bannerman and col- seroth et al., 1996) and learning in the hippocampus
(Taubenfeld et al., 1999). A CRE-driven reporter gene,leagues lesioned dorsal, ventral, and the whole hippo-
campus and examined performance in two of the tasks whose transcription may parallel the activity of CREB
and related factors, is activated in the hippocampus byperformed in the current study, the Morris water maze
and contextual fear conditioning. They found that total L-LTP-inducing stimuli and by hippocampus-dependent
learning (Impey et al., 1996, 1998). These studies showhippocampal lesions disrupt both tasks, but ventral le-
sions disrupt fear conditioning while sparing perfor- that CREB is activated in the right place at the right time
to play a role in the induction of genes required formance in the water maze (Richmond et al., 1999).
Our studies in dorsally restricted dCA1-KCREB mice lasting plasticity and learning. Evidence also exists for
the involvement of CREB in learning and plasticity inprovide genetic support for this dissociation. Spatial
learning in the Morris water maze, which is critically other contexts in the mammalian brain (Pittenger and
Kandel, 1998; Sgambato et al., 1998; Ahn et al., 1999;dependent on intact dorsal hippocampal function
(Moser and Moser, 1998), is compromised in these ani- Barth et al., 2000; Huang et al., 2000; Josselyn et al.,
2001; Kida et al., 2002).mals. Context conditioning, which is not, is intact (Maren
et al., 1997; Frankland et al., 1998). We disrupted the function of all three CRE binding
transcription factors using KCREB. This dominant-neg-The neurobiological substrates of object recognition
are subject to debate, due in part to the variety of para- ative CREB allele has a wild-type leucine-zipper domain
and can therefore heterodimerize with (and interferedigms. The bulk of the lesion data in rats supports a role
for parahippocampal cortices, but not the hippocampus with) all three CREB family transcription factors (Walton
et al., 1992; Jean et al., 1998). By focusing our attentionitself, in this task. However, some studies have found
a role for the hippocampus, especially at longer delay on the three genes as a single regulatory unit, we draw
a closer analogy to the clearly demonstrated role of theintervals (Steckler et al., 1998). Most lesion studies have
been done at very early time points, not at the 1 hr and single CREB gene in Aplysia and Drosophila. Because
only CREB is expressed at high levels in the normal24 hr time points done here and in other studies in
genetically modified mice (Mansuy et al., 1998; Jones mammalian hippocampus, it is likely that CREB itself,
rather than CREM or ATF1, is the critical factor in thiset al., 2001). Our data support the idea that the hippo-
campus, and dorsal CA1 in particular, contributes to context. However, because of the compensation that
has been documented within this system of interacting,learned object familiarity, and that this contribution is
dependent on CREB. However, it is possible that expres- CRE binding transcription factors, available methods
may not be adequate to definitively identify the principlesion of the KCREB transgene in scattered cortical cells
in this line of mice contribute to the object recognition specific transcription factor or factors involved. In any
case, our results strongly implicate the regulatory unitphenotype (see Figure 2). Regardless of the neuroana-
tomical substrate, the transgenic animals’ normal per- as a whole, confirming a striking parallel with the mecha-
nisms of lasting plasticity in Aplysia.formance 1 hr after training shows that their deficit is
not in learning or early memory but rather in consolida-
tion, as would be expected from a disruption of a tran- CREB in Hippocampal Synaptic Plasticity
scription. CREB / hypomorphic mice have been shown to have
a deficit in LTP (Bourtchouladze et al., 1994; A. Silva,
personal communication). However, this LTP deficit isThe CREB Family of Transcription Regulators
Participates in the Consolidation of apparent at the earliest time points and thus is not re-
stricted to L-LTP. We and others, working with standardHippocampus-Dependent Spatial Memory
Mammals have at least three CRE binding, cAMP- protocols and on various genetic backgrounds, have
been unable to demonstrate an LTP phenotype in theseresponsive transcription factors, CREB, CREM, and ATF1.
All three genes are alternatively spliced and may pro- animals (Gass et al., 1998; D. Balschun et al., 2000,
Soc. Neurosci., abstract; Y.Y.H. and E.R.K., unpublishedduce both activators and repressors; in addition, differ-
entially spliced isoforms can heterodimerize with one data), generating some doubt as to the generality of a
role for CREB in L-LTP.another, creating enormous combinatorial complexity
(Herdegen and Leah, 1998). Previous studies of the func- We find that three conventional L-LTP inducing proto-
cols (four-train tetanic stimulation and two differenttion of these transcription factors have largely focused
on CREB, through analysis of the hypomorphic CREB / theta burst protocols) do not reveal any L-LTP deficit
in dorsal CA1-expressing KCREB animals. In contrast,allele or other CREB-specific manipulations. However,
introduction of the CREB / allele causes dramatic dCA1-KCREB animals are deficient in pharmacological
potentiation by forskolin, which activates adenylyl cy-compensation both by different CREB isoforms and by
CREM (Hummler et al., 1994; Blendy et al., 1996), making clase and thus elevates cAMP and sp-cAMPs, which
mimics cAMP directly. The transgenic animals are alsoit difficult to determine whether any observed pheno-
types can be ascribed specifically to the CREB disrup- deficient in potentiation induced by pairing of the dopa-
mine D1 agonist chlo-APB with a single 100 Hz tetanustion. As summarized above, direct manipulations of
CREB have given inconsistent results. These variable (Figure 11). This dissociation reinforces the idea that
there are multiple, qualitatively distinct forms of L-LTPresults may derive from the action of these three genes
as a unit and compensation among them. (Kang et al., 1997; Sanes and Lichtman, 1999; Patterson
et al., 2001) and that mapping any single experimentalIn contrast to these variable results, circumstantial or
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form of plasticity onto behavior may be difficult. It may in this case. There are clearly dimensions of long-lasting
be necessary in the future to sample a variety of L-LTP- synaptic plasticity in the hippocampus that are not ade-
inducing protocols and different pharmacological or ge- quately sampled by electrically induced potentiation in
netic manipulations before drawing conclusions about acute hippocampal slices.
the general involvement of particular molecules in plas-
ticity. Some of the difficulty demonstrating reproducible
A Role for CREB in LearningL-LTP phenotypes in different animals with manipula-
CREB is involved in learning-related facilitation intions of CREB may derive from differences in LTP proto-
Aplysia and Drosophila. While some studies have pro-cols, based on the assumption that L-LTP is a unitary
vided evidence suggesting a similar role in the mamma-phenomenon.
lian brain, uncertainties have persisted due to the com-Why are these forms of cAMP-mediated long-lasting
plexity of the system and the complicating effects ofpotentiation more sensitive to CREB disruption than
genetic background. Conversely, studies showing themore conventional four-train-induced L-LTP? Both for-
phosphorylation of CREB or the expression of CRE-skolin and sp-cAMPs produce long-lasting plasticity
driven transgenes convincingly show that CREB is ac-that is dependent on transcription and occludes electri-
tive in the right place at the right time for a role incally induced L-LTP (Huang and Kandel, 1995; Nguyen
learning, but remain purely correlational. It could be, forand Kandel, 1996). Both forskolin and dopamine D1 ago-
example, that CREB activation is a readout for repetitivenists elevate cAMP, which activates PKA as well as inter-
neuronal firing, but that this activation is not requiredacting with and regulating other signaling systems. In
for plasticity in mammals.particular, forskolin can activate the ERK1/2 MAP kinase
Our results strongly support a requirement for CREB/cascade in neurons (Martin et al., 1997). However, elec-
ATF in area CA1 of the dorsal hippocampus in hippo-trical stimulation activates more than just cAMP and
campus-dependent learning. By interfering simultane-MAPK signaling. For example, protein kinase C can con-
ously with CREB, CREM, and ATF1 isoforms, we havetribute to and is required for LTP (Hu et al., 1987; Lov-
focused on the three interacting genes as a transcrip-inger et al., 1987), as are protein tyrosine kinases such
tional unit. Since all three are homologous to Aplysiaas TrkB (Minichiello et al., 1999).
CREB, it would not be surprising to find that the threeA possible explanation of our results is that these
together can mediate the functions in mammals per-or other signaling systems contribute to potentiation
formed by CREB alone in Aplysia. We find a clear deficitthrough factors other than CREB/ATF. This might be
in spatial learning after this disruption, and our variousthrough other, independent factors that bind the CRE
controls allow us to rule out developmental contribu-element. Alternatively, transcriptional regulatory ele-
tions and to largely restrict our interpretation to the rolements other than the CRE may contribute to different
of CREB in region CA1 of the dorsal hippocampus. Theforms of L-LTP. The serum-response element (SRE) can
mammalian brain, with its complex neuroanatomy andalso mediate calcium-regulated stimuli in neurons (Bad-
large number of alternatively spliced genes, is clearlying et al., 1993); this or other regulatory elements and
far more complicated than the simplified Aplysia systemthe transcription factors that bind them may contribute
in which the role of CREB in plasticity was first de-to L-LTP.
scribed. However, converging evidence indicates thatAnother possibility is that the purely electrical stimula-
the role of this family of transcription factors is indeedtion protocols sampled here are simply more robust
conserved between invertebrates and mammals.inducers of plasticity than treatment with forskolin or
sp-cAMPs or the pairing of chlo-APB with one electrical
train. The KCREB dominant negative, even when present Experimental Procedures
in large excess, is likely to leave a limited amount of
Animalsresidual CREB family transcription factor activity (be-
The KCREB transgene (a generous gift of R. Goodman) was clonedcause some small subset of wild-type CREB molecules
into the EcoRV site of plasmid MM400 (Mayford et al., 1996) usingwill exist as homodimers). It may be that four-train and
standard techniques. The NotI fragment was isloated and used totheta burst stimulation lead to much higher levels of generate transgenic mice by pronuclear injection into pronuclei of
activation of CREB activation in individual wild-type one-cell C57Bl/6J-CBA(J) F2 embryos, which were oviduct-trans-
cells than does forskolin, and that this robust activation ferred the next day into pesudopregnant foster females. Transgenic
is sufficient to adequately recruit this residual CREB founder animals were identified by Southern blotting using a probe
specific for the tetO promoter sequence. Progeny of founder animalsactivity in our transgenic mice. Our negative data must
were crossed with mice expressing the tTA transgene under controltherefore be interpreted with caution.
of the CaMKII promoter (Mayford et al., 1996, line B); offspringIn any case, our results indicate that CREB/ATF tran-
were genotyped by double Southern blotting with probes specific
scription factors are important for the transcriptional for the tTA transgene and for the tetO promoter sequence. Animals
response to cAMP in the induction of lasting plasticity. single positive for either transgene and negative for both transgenes
From our behavioral data, and from the literature on the were analyzed separately in all experiments; no differences were
activation of CREB after stimuli that induce L-LTP, we seen between these genotypes in any analysis, and they were
pooled as control mice in all reported experiments. KCREB trans-suggest that CREB is indeed involved in activity-depen-
genic mice were backcrossed repeatedly to C57Bl/6J mice; trans-dent plasticity in the brain. However, LTP as induced
genic mice backcrossed to N4 or more were used in all electrophysi-with high-frequency stimulation in the acute slice is not
ological and behavioral analyses. Animals were maintained on a 12
a sufficiently sensitive assay to reveal the deficit caused hr light/dark cycle in the New York Psychiatric Institute animal care
by its removal. More molecularly specific plasticity- facility under the supervision of Dr. Mohammed Osman and Colum-
inducing stimuli, such as those that target processes bia University’s IACUC, and given food and water ad libitum. For
reversal experiments, animals’ food was supplemented with 40 mg/downstream of cAMP, are required to reveal the deficit
Neuron
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kg doxycycline (Bio-Serv) for 2 weeks before the beginning and a visible cue and moved randomly between four locations. On days
3–14, animals were trained twice with a 1 hr intertrial interval withthroughout the experiment.
the platform unmarked and in a constant location. Probe trials, in
which the animal was placed in the pool in the absence of theCharacterization of KCREB Expression
escape platform and its search monitored for 60 s, were performedOligonucleotide in situ hybridization was performed as described
on day 9 (before spatial training trials) and on day 15.(Abel et al., 1997) using the oligo 5	-CTTGTCCCTTCGTCGAGCTCT
Fear conditioning and object recognition were performed as de-CACAGAATC-3	.
scribed (Abel et al., 1997; Mansuy et al., 1998).For immunohistochemistry, brains were fixed overnight in methyl
All statistical analysis was performed using Statistica.carnoy (60% MeOH, 30% CHCl3, 10% acetic acid), dehydrated, em-
bedded in paraffin wax, and sliced at 8 
m on a microtome. Slices
Electrophysiological Analysiswere de-paraffinned using citrus clearing solvent (Fisher), rehy-
Slice electrophysiology was performed on acute 400 
m hippocam-drated through graded ethanols, and then immunostained using
pal slices taken from the dorsal 50% of the dissected hippocampusstandard protocols (Santa Cruz Biothechnology) with 1:200 anti-
as described (Huang and Kandel, 1995). Forskolin was applied asCREB primary antibody (Cell Signaling Technologies) and 1:200 Cy3-
indicated at 50 
M in a final concentration of 0.1% DMSO. Chlo-labeled goat anti-rabbit antiserum (Jackson Immunoresearch); DAPI
APB was applied as indicated at 10 
M final concentration.(3 
M) was added to mounting medium (Vector). Fluorescently
stained sections were visualized on an upright Nikon xenon-lamp
Acknowledgmentsfluorescence microscope. To quantitate overexpression (Figure 3),
transgenic nuclei in a high-power field that expressed CREB immu-
This work was supported by NIMH NRSA #MH12956-01, the Colum-noreactivity more intense than the highest level seen in a matched
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